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Since different algal strains are differently adapted to light-and temperature-conditions, the suitableness of algae to be mass-cultured will vary according to the climates or seasons. It is, therefore, important to investigate in what manner the growth activity of each algal strain changes with the variation of natural environmental conditions. In their kinetic studies on the growth of Chhrella, Tamiya et al. (1) have proposed a formula, by which the growth rate under natural conditions (with sufficient provision of nutrients and carbon dioxide) may be assessed from the data obtained by some simple culture experiments in the laboratory.
Since, however, the natural light-and temperatureconditions are by far more complicated than were assumed in the theory of Tamiya et al., their formula can give, at best, only a rough estimation of the algal yield which would be obtainable under natural field conditions.
To obtain a straightforward informations about the seasonal variation of growth rate shown by various algal strains, we have devised a simple method of outdoor culturing, and thereby followed the growth rates throughout the year. The data obtained by this method were found to reproduce fairly well the actual yield obtained from larger-scale outdoor cultures ; thus the method has proved to be u.suable for testing the suitability of algal strains as materials of mass-culturing in different climates or seasons. Described herein are the method used and the main results obtained.
METHOD
The oblong flat flasks (with a uniform inner thickness of 3 cm and a total capacity of 600 ml) which were described in detail in our earlier papers (1,2) were used as containers of culture.
The flasks were filled with 250 ml of culture medium of the following composition, per liter: 3.0 g Urea, 2. After autoclaving and inoculation of at an angle of 45° (directed towards was placed horizontally across the edges and H. TAMIYA algal cells, the flasks were south), on a wooden bar of a trough (see Fig. 1 ).
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The trough was 30 cm in depth and contained water of 15 cm in depth, so that the portion of the flasks filled with the culture solution was dipped into the water. The water in the trough was kept stagnant, so that its temperature varied both diurnally and seasonally in the manner as it approximately reproduced the temperature variation occurring in the large-scale mass culture of "open system" (3) . * Considering that the large scale algal culture are ordinarily run at high population densities, the initial concentration of algae in the culture was made 5 or more ml packed cell volume per liter. It has already been shown that in such a high population density the growth rate becomes proportional to the area of illuminated surface (1). When the population density surpassed the level of about 20 ml per liter, the density was lowered to the initial level. The culture was constantly aerated with air containing 3-5 percent carbon dioxide at a rate of 200 to 300 ml per minute.
To protect the opening of the culture flask from rain and dust, the top of the flask was covered with a conical beaker as shown in the figure. During the whole period of experiments the conditions other than the temperature and light were kept optimum by refreshing the culture medium at an interval of 6 days, and, if necessary, also by replacing the algae with fresh cells of the same strain.
The growth of algae was followed by measuring once a week the concentration of cells in the culture, and taking into consideration the volume and the area of illuminated surface of each culture, the growth rates were calculated and compared in terms of the increase of dry weight (gram) per square meter per day.
RESULTS AND DISCUSSION
The results of experiments run during the period from February 1954 to January 1955 are summarized in Table 1 . The figures given are the averages of daily yields which were determined 4-5 times in each month. Of the six strains tested, Chlorella Ctm37, Ctm16, Tx71105* (4), and Scenedesmus Stm32 were temperature-tolerant strains, while the others were of ordinary temperature tolerance (" mesophilic ") .
As may be seen from the table, different strains showed widely different growth activity according to the season. Of the 6 strains tested, it was only Chlorella ellipsoidea that could grow positively in all months through-* This strain was kindly supplied by Dr. Jack Myers, to whom we take this opportunity of extending our thanks. out the year. All the thermophilic strains showed no or almost no growth in winter months, December, January and February. Sensitivity to cold was most pronounced in the Texas-strain (Tx 71105) which did not grow even in March. While the thermophilic strains grew well in summer months, Chlorella e'lipsoidea grew relatively poorly in summer months, especially in August which is the hottest period of the year in Japan.
In Table 2 are given the data of temperature and solar radiation meas ured during the period of the experiment.
The maximum and minimum water-temperatures given are those attained in the stagnant water in the trough, and therefore, represent the values attained by the algal suspensions contained in the culture flasks. The amounts of solar radiation given in the table are those measured by the Central Meteorological Observatory, Tokyo, using a Robitzsch actinograph.
They represent the quantity of whole sky radiation (including infrared) received by a horizontal surface.
Characteristic features in seasonal variation of growth rate shown by mesophilic and thermophilic strains are apparent from the curves in Fig. 2 , in which the results obtained with Chlorella ellipsoidea (mesophilic) and Chlorella Ctm37 (thermophilic) are shown together with the data of average atmospheric temperature and the average solar radiation observed in each month.
Taking into consideration that the energy content of algal cells is 5.5 kcal per gram (5), we can calculate the efficiency of solar energy conversion shown by each algal strain.
The monthly variation of the efficiency (on a total radiation basis) observed with Chlorella ellipsoidea and Chlorella Ctm37 is illustrated in Fig. 3 . In the case of Chlorella ellipsoidea the efficiency was highest in October and November (5.3 percent) and lowest in January and August (1.3-1.4 percent).
In parallel with the test cultures described above, large-scale outdoor cultures of the "open bubbling system ", about which we have reported in the preceding paper (3), were run using some of the strains listed in Table 1 . In Table 3 the yield obtained from these cultures are compared with the data given in Table 1 . It may be seen that the results of our test cultures coincided fairly well with those obtained in actual operation of open outdoor cultures. From the data presented in Fig. 2 it is inferred that if we use Chlorella elli psoidea and Chlorella Ctm37 adequately according to the season, we can obtain an average of 12.4 g dried algal cells per square meter per day throughout the year. It may, therefore, be deduced that by operating the open outdoor cultures adequately using these two strains we can obtain 18 metric tons of dried Chlorella per acre per year. 
SUMMARY
(1) Using a simple method of test cultures, seasonal variation of growth rate of various strains of unicellular algae under natural light-and temperature-conditions was investigated. (2) The strains of ordinary temperature tolerance (" mesophilic ") , such as Chlorella ellipsoidea, showed positive growth in all months throughout the year, although their growth was considerably suppressed in the hottest month, August.
In contrast, the thermophilic strains grew actively in summer months, but showed no growth in winter months, December, January and February.
(3) Taking into consideration the quantity of solar radiation and the energy content of algal cells, the efficiency of solar energy conversion shown by some algal strains was calculated.
In the case of Chlorella ellipsoidea the efficiency (on a total radiation basis) was highest in October and November (5.3 percent) and lowest in January and August (1.3-1.4 percent).
(4) It was shown that the growth rate of algae determined by the test cultures agreed fairly well with the actual yield obtained from the open outdoor cultures in each season. It was inferred that from large-scale outdoor cultures using mesophilic and thermophilic strains adequately according to the season, a yield of 18 metric tons (dry weight) of algae may be obtained per acre per year. To these bodies we extend our grateful thanks.
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